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Abstract. The case of low invariant mass exclusive central diffractive production is considered in the
general theoretical framework. It is shown that diffractive patterns (differential cross-sections in variables
like transfer momenta squared, the azimuthal angle between final hadrons and their combinations) can
serve as a unique tool to explore the picture of the pp interaction and falsify theoretical models. Basic
kinematical and dynamical properties of the process are considered in detail. As an example, visualizations
of diffractive patterns in the model with three pomerons for processes p+p→ p+R+p (R is a resonance)
and p+ p→ p+ pi+pi− + p are presented.
PACS. 11.55.Jy Regge formalism – 12.38.Bx Perturbative calculations – 12.40.Nn Regge theory, duality,
absorptive/optical models – 12.39.Jh Nonrelativistic quark model – 13.85.Ni Inclusive production with
identified hadrons
1 Introduction
The central exclusive production process with quasi-diffrac-
tively scattered initial particles is an important source of
information about high-energy dynamics of strong interac-
tions both in theory and experiment. If we consider only
one particle production, this is the first ”genuinely” in-
elastic process which not only retains a lot of features of
elastic scattering but also shows clearly how the initial
energy is being transformed into the secondary particles.
Theoretical consideration of these processes on the ba-
sis of Regge theory goes back to papers [1]-[9]. Experi-
mental works were presented in [10]-[15]. Some new inter-
est was related to signals of centrally produced particles
like Higgs bosons, heavy quarkonia, di-gamma, exotics, di-
hadrons [16]-[48]. Recent data from different experiments
are also available [49]-[57].
In the previous paper [17] the exclusive central diffrac-
tive production of heavy states was considered in detail.
In this paper we present properties of low-mass (central
invariant masses are less than 3 GeV) exclusive produc-
tion.
In addition to the general advantages like clear sig-
nature with two large rapidity gaps (LRG) [58,59] and
the possibility to use the “missing mass method” [60],
there are several specific advantages of the low-mass case.
The first one is rather large cross-sections. It is important,
since the schedule for LHC forward physics experiments is
very limited, and we need also special low luminocity runs
to suppress pile-up events. The second one is the possibil-
ity to use different diffractive patterns (differential cross-
sections on variables like transfer momenta squared, the
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azimuthal angle between final hadrons and their combi-
nations) as a unique tool to explore the picture of the pp
interaction and falsify theoretical models.
The article is organized as follows. In the first chapter
we consider general kinematical properties and variables of
the process. In the second one we present some model ap-
proaches for low-mass exclusive central diffraction. In the
third part we present visualizations of diffractive patterns
for different processes and kinematical variables and dis-
cuss their general features. In the conclusions we touch on
briefly the future experimental possibilities. Appendices
are basically devoted to calculations of amplitudes.
2 General kinematics and cross-sections
Let us consider the kinematics of two processes
h1(p1) + h2(p2)→ h1(p′1) +R(pR) + h2(p′2), (1)
h1(p1) + h2(p2)→ h1(p′1) + {a(ka) + b(kb)}+ h2(p′2),(2)
with four-momenta indicated in parentheses. Initial hadrons
remain intact, {a b} can be di-boson or di-hadron system
and R denotes a resonance, “+” signs denote large rapidity
gaps. Let us call them Exclusive Double Diffractive Events
(EDDE) as in our previous papers (see [61] and references
therein). These processes are also known in the literature
as Exclusive Double Pomeron Exchange (EDPE), Central
Exclusive Diffractive Production (CEDP).
We use the following set of variables:
s = (p1 + p2)
2, s′ = (p′1 + p
′
2)
2, t1,2 = (p1,2 − p′1,2)2,
s1,2 = (p
′
1,2 + pR)
2 or (p′1,2 + ka + kb)
2, (3)
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In the light-cone representation p = {p+, p−;p⊥}
p1 =
{√
s¯
2
,
m2√
2s¯
; 0
}
,∆1 =
{
ξ1
√
s¯
2
,
−∆21 − ξ1m2
(1− ξ1)
√
2s¯
; ∆1
}
,
p2 =
{
m2√
2s¯
,
√
s¯
2
; 0
}
,∆2 =
{
−∆22 − ξ2m2
(1− ξ2)
√
2s¯
, ξ2
√
s¯
2
; ∆2
}
p′1,2 = p1,2 −∆1,2, p21,2 = p′ 21,2 = m2,
s¯ =
s− 2m2
2
+
s
2
√
1− 4m
2
s
' s. (4)
Here ξ1,2 are fractions of hadrons’ longitudinal momenta
lost.
Physical region of diffractive events with two large ra-
pidity gaps is defined by the following kinematical cuts:
0.01 GeV 2 ≤ |t1,2| ≤ ∼ 1 GeV 2 , (5)
ξmin ' M
2
sξmax
≤ ξ1,2 ≤ ξmax ∼ 0.1 , (6)(√−t1 −√−t2)2 ≤ κ ≤ (√−t1 +√−t2)2 (7)
κ = ξ1ξ2s−M2 M2.
M is the invariant mass of the central system. We can
write the above relations in terms of y1,2 (rapidities of
hadrons), y (rapidity of the central system) and η = (ηb−
ηa)/2, where ηa,b are rapidities of particles a, b. For in-
stance:
|y| ≤ y0 = ln
(√
sξmax
M
)
, |y1,2| = 1
2
ln
(1− ξ1,2)2s
m2 − t1,2 ,
|y| ≤ 6.5, |y1,2| ≥ 8.75 for
√
s = 7 TeV,
| tanh η| ≤
√
1− 4m
2
0
M2
. (8)
Differential cross-sections for the above processes can
be represented as
dσEDDER
d∆21d∆
2
2dφdy
'
∣∣MEDDER ∣∣2
29pi4ss′
, (9)
dσEDDEab
d∆21d∆
2
2dφdydM
2dΦab
'
∣∣MEDDEab ∣∣2
210pi5ss′
, (10)
where φ is the azymuthal angle between outgoing pro-
tons, Φab is the phase space of the dihadron system and
MEDDER, ab denote unitarized amplitudes of the correspond-
ing processes (see MUi in the Appendix C).
3 Double reggeon exchange amplitudes.
Approaches.
If the central mass produced in EDDE is low (M ∼ 1 GeV,
Fig. 1), it is not possible to use perturbative representa-
tion like in [17] for the amplitude of the process, and we
have to use more general “nonperturbative” form. In this
case we have to obtain somehow the Pomeron-Pomeron fu-
sion vertex (see Refs. [17,61,62] for details). The scheme of
calculations is depicted in the Fig. 1. The first step is the
calculation of the “bare” reggeon-reggeon amplitude M,
which consists of diffractive form-factors T and the fusion
vertex F . If the “shoulder energies”
√
s1,2 are high enough
(say, greater than 100 GeV), we also have to take into ac-
count rescattering corrections in these channels (denoted
by V1,2). For example, at
√
s = 7 TeV in the kinematical
region defined in (6) we obtain 1 GeV <
√
s1,2 < 2 TeV.
Then we should calculate rescattering corrections in pp
channel, which are denoted by V . In some works [21]
they are called “soft survival probability”. Recently it was
shown in [21] that enhanced diagrams (additional soft in-
teractions) can play significant role.
V V
< S   >
2
1V
2V
s
1s
2s
1t
2t
T
T
F
M
Fig. 1. Scheme of calculation of the full EDDE amplitude in
the case of low invariant masses (M < 3 GeV), i.e. nonpertur-
bative Pomeron-Pomeron fusion.
All the phenomenological models need to obtain values
of their parameters to make further predictions. For this
purpose we can use so called “standard candle” processes,
i.e. events which have the same theoretical ingredients for
the calculations. For low central masses we can use pro-
cesses:
– γ∗ + p→ V + p (EVMP), mV < 3 GeV [63]-[65];
– p+ p→ p+M + p, M = {qq¯} (light meson) or “glue-
ball” [10]-[14], M = hh (dihadron system) [15].
From the first principles (covariant reggeization ap-
proach [61]) we can write the general structure of the ver-
tex for different cases. For example, for the production
of the low invariant mass system with JP (spin-parity),
when si
√−ti ∼ 1 GeV 3 and contributions of secondary
reggeons are small, we have for “bare” amplitudes squared
F 0
±
PP =
∣∣∣∣∣∣
∏
i=1,2
T˜0(ti)
( si
M2
)αi ∞∑
k=0
˜˜
fk0±
(
2
√
t1t2 cosφ
M2
)k∣∣∣∣∣∣
2
,
T˜0(ti) =
α′P
2
T0(ti)
(√−ti
m
)αi
, (11)
˜˜
fk = f˜k [η1η21Γ (k − α1)Γ (α1 − α2 − k)+
η2η12Γ (k − α2)Γ (α2 − α1 − k)] , (12)
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∣∣∣M0+ ∣∣∣2 ' F 0+PP , (13)∣∣∣M0− ∣∣∣2 ' F 0−PP sin2 φ , (14)
ηi = (−1)σi + e−ipiαi ,
ηij = (−1)σi(−1)σj + e−ipi(αi−αj), (15)
αi = αP(ti), σi = 0, (16)
with functions defined in the Appendix A (f˜k are non-
singular at ti → 0, T˜0(t) is usually represented by the
exponential eBti or 1/(1 − ti/B)). Transformation from
integer spins to trajectories was made like in the Ref. [66].
As one can see from the Appendix A, in the classi-
cal Regge scheme (−ti)αi/2 is absorbed into the unknown
residue of the Regge pole. But for a fixed integer J this fac-
tor always appears in the t-channel cosine. In Refs. [67,
68] results were obtained from the assumption that the
Pomeron acts as a 1+ conserved or nonconserved current.
In particular, it was shown that the cross-section is pro-
portional to t1t2, when we replace the Pomeron by the
conserved vector current. To remove such zero authors
of [67] proposed to use singular functions (nonconserved
Pomeron current).
Strictly speaking, in the real cross-sections rescattering
corrections at rather high energies can naturally remove
zeroes of a cross-section (see the typical situation in the
Fig. 2) without introducing singular functions.
Fig. 2. The unitarization of the cross-section |t|e−2B|t| (B '
2.85 GeV−2,
√
s = 7 TeV) corresponding to the amplitude (89)
in the Appendix C. The dashed curve represents the “bare”
term and the solid one represents the unitarized result. σB is
the integrated “bare” cross-section. The zero at t = 0 disap-
pears in the unitarized cross-section.
The general structure of EDDE amplitudes from the
simple Regge behaviour was also considered in [62,69]
within the method of helicity amplitudes developed in [5].
As was shown in [61], experimental data are in good agree-
ment with the above predictions.
There were some attempts to obtain the vertex in spe-
cial models. Let us mention first the old paper [66], where
reggeon-reggeon-particle vertex was exactly calculated in
the covariant formalism, and the double reggeon ampli-
tude has the form
M '
2∑
i6=j=1
α′iα
′
j
4
( si
M2
)αi (sj
s0
)αj
ηiηjiFij ,
Fij =
∞∑
k=0
1
k!
(
M2⊥
s0
)k
Γ (k − αi)Γ (αi − αj − k) =
Γ (−αi)Γ (αi − αj)1F1(−αi, 1− αi + αj ;−M
2
⊥
s0
),
αi = α
′
i(0)ti + αi(0), (17)
where s0 = 1 GeV
2 and σi is the parity of a reggeon. For
the double Pomeron exchange α1,2 = α
′
P(0)t1,2 +αP(0). It
is close to the representation (11) with exactly calculated
couplings.
The Pomeron-Pomeron fusion based on the “instan-
ton” or “glueball” dynamics was considered in [70]-[72].
One can see also recent papers [37,73] devoted to calcu-
lations of the Pomeron-Pomeron fusion vertex in the non-
perturbative regime.
4 Diffractive patterns
Since EDDE is the diffractive process, it retains almost all
the features of the classical optical diffraction, namely the
diffractive pattern or distribution in the scattering angle.
It contains the diffractive peak at low angles and different
structures (dips and kinks) at higher angles. Some spec-
ulations on the meaning of these features can be found
in [23] and further publications. Here we would like to
point out the following:
– From the diffractive pattern we extract model inde-
pendent parameters of the interaction region such as
the t-slope which is R2/2, with R the transverse radius
of the interaction region.
– We can also estimate the longitudinal size of the inter-
action region [74]:
∆xL >
√
s
2
√
< t2 > − < t >2 (18)
The longitudinal interaction range is somehow ”hid-
den” in the amplitude but it is this range that is re-
sponsible for the ”absorption strength”. A rough ana-
logue is the known expression for the radiation absorp-
tion in media which critically depends on the thickness
of the absorber.
– The very presence of dips is the signal of the quantum
interference of hadronic waves.
– The depth of dips is determined by the real part of the
scattering amplitude
What else could we extract from it? What is the phys-
ical meaning of the dip position, number of dips or kinks
and so on? These questions stimulate us for future inves-
tigations.
4 R.A. Ryutin: Visualizations of the Exclusive Central Diffraction
4.1 t-like variables
In this subsection we present diffractive patterns in t-like
variables for different physical situations. From the exper-
imental point of view it would be more useful to have dis-
tinct structures in distributions, since their position can
show the dynamics of the interaction and can help to ex-
tract parameters with better accuracy.
a) b) 
c) d) 
Fig. 3. Diffractive t-distributions for different final states (cor-
responding amplitudes are indicated): a) “glueball-like” (89);
b) η′ (88); c) pi+pi− (72). Solid curves in a), b) are given for√
s = 30 GeV, dashed and dotted curves in a),b),c) represent√
s = 7 TeV and
√
s = 14 TeV respectively. Picture d) shows
the simple e2Bt cross-section (dashed curve) and the unitarized
result (solid curve) at
√
s = 7 TeV.
In the Fig. 3 one can see distributions in t of one of the
final protons integrated in other variables. Pictures corre-
spond to “bare” amplitudes for 0− (88), “glueball” (89)
states and for the pion-pion production (72). For the sim-
ple eB(t1+t2) (87) amplitude picture Fig.3d) shows the sig-
nifivance of the rescattering corrections.
Let us illustrate how the situation changes, when we
use other variables that seem more natural for the study
of diffractive structures. In the Fig. 4 we present distri-
butions in τ = (t1 + t2)/2 and δ
2 = (∆1 −∆2)2/4 for
the case, when the “bare” amplitude is the simple expo-
nent (87) without additional structures. For these vari-
ables the situation changes more drastically after taking
into account the unitarization.
On the other hand, as one can see from the Fig. 5, the
effect can be the opposite. The “bare” amplitude contains
the dip at some position, which disappears in the unita-
rized distribution, and other complicated structure arises.
Here we use the toy model based on the parameters of the
third Pomeron from [84]:
M∼ eB˜(t1+t2)/2
(
eB˜t1/2 − A˜
)(
eB˜t2/2 − A˜
)
, (19)
B˜ = 1.2046 + 0.5912
(
ln
[
s(M2⊥))
]− ıpi) /2, (20)
a) 
b) 
Fig. 4. Diffractive patterns in different t-like variables: a)
τ = (t1+t2)/2; b) δ
2 = (∆1−∆2)2/4. Born amplitude (dashed
curve) and the unitarized result (solid curve) are shown for√
s = 7 TeV.
Fig. 5. The situation after the unitarization (solid curve),
when the “bare” amplitude contains a dip structure (dashed
curve).
A˜ = 49.138
(−ı√sM⊥)0.0703 /(32piB˜), (21)
M2⊥ = M
2 − t1 − t2 + 2
√
t1t2 cosφ, (22)
M = 1.5 GeV,
√
s = 7 TeV. (23)
4.2 Azimuthal correlations
As was shown earlier in references [62],[69], as well as later
on in references [61] and [45],[47], the distribution in the
azimuthal angle between final protons can serve as a pow-
erfull tool to obtain quantum numbers of centrally pro-
duced particles.
In the Fig. 6a)-c) we present diffractive azimuthal pat-
terns for 0−, 0+ (“glueball”), 0+ (pion-pion) states. Shapes
are very different and can be used as a peculiar “filter”.
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a) b) 
c) d) 
Fig. 6. Azymuthal distributions for different final states: a)
“glueball-like” (89); b) η′ (88); c) pi+pi− (72). Solid (red) curves
in a), b) are given for
√
s = 30 GeV, dotted curves in a),b),c),d)
represent unitarized results at
√
s = 7 TeV. Dashed curves
show behaviour of born cross-sections at
√
s = 7 TeV: a) cos2 φ,
b) sin2 φ, c) pi+pi−, d) “flat”.
Furthermore, φ-distribution also has strong dependence
on the model that we use for diffractive processes. The
unitarization effect for the “flat” distribution is shown in
the Fig. 6d).
5 Conclusions
The phenomenon of diffraction is always accompanied by
specific patterns, partially considered in this paper. We
have to take it into account when we try to define the
diffractive process experimentally. Many features of such
distributions can be very helpful. To continue the pa-
per [17], here we presented only general aspects of the
exclusive central production of low invariant mass states,
but it is possible to find out the same properties in other
processes (elastic scattering, single and double diffractive
dissociation). For example, we could apply to them the
procedure of the amplitude construction, which is similar
to the one stated in the Appendix A. This hopefully will
be done in further works.
As one can see from the above figures, rescattering
corrections can play significant role and drastically change
the shape of diffractive patterns. We can use this property
to falsify diffractive models, which are very numerous “on
the market” [75], with an unprecedented accuracy.
Finally, let us mention some possible experimental fa-
cilities for this task. Since cross-sections of the low mass
EDDE are rather large ( 10 → 1000 µb), it is possible to
use low luminocity runs of the LHC, as was proposed in
the starting projects [76]-[81]. The recent success of the
TOTEM collaboration in t-measurements [82] shows that
it is realistic.
Appendix A
In this appendix we construct exact reggeon-reggeon fu-
sion amplitudes for the exclusive production of 0+ and
0− states by the covariant reggeization method proposed
in [61]. For other states calculations are similar based on
formulae for vertexes from [61].
The amplitudeMJP (the left picture in the Fig. 1) is
composed of vertices Tµ1···µJ1 , T ν1···νJ2 , Fµ1...µJ1 , ν1...νJ2α1...αJ
and propagators d(Ji, t)/(m
2(Ji)−t) which have the poles
at
m2(Ji)− t = 0, i.e. Ji = αRi(t) , (24)
after an appropriate analytic continuation of the signa-
tured amplitudes in Ji. We assume that these poles, where
αRi are reggeon trajectories, give the dominant contribu-
tion at high energies after having taken the corresponding
residues. Regge-cuts are generated by unitarization.
For vertex functions T1,2 we can obtain the following
tensor decomposition:
T (Ji) ≡ Tµ1...µJi (pi, ∆i) =
T0(∆
2
i )
[ Ji2 ]∑
n=0
CnJi
(
P
(Ji−2n)
i G
(n)
i
)
, (25)
CnJi =
(−1)n(2(Ji − n))!
(Ji − n)!n!(Ji − 2n)! , (26)
that satisfies Rarita-Schwinger conditions (transverse-sym-
metric-traceless):
∆µiT
µ1...µi...µJ = 0 (27)
Tµ1...µi...µj ...µJ = Tµ1...µj ...µi...µJ (28)
gµiµjT
µ1...µi...µj ...µJ = 0 (29)
Tensor structures
(
P
(Ji−2n)
i G
(n)
i
)µ1...µJi
satisfy only two
conditions (27),(28) (transverse-symmetric) and consist of
the elements Pµi and G
µ1µ2
i :
P µi = (p
µ
i −∆µi /2) /
√
m2 −∆2i /4, (30)
Gµ1µ2i = g
µ1µ2 − ∆
µ1
i ∆
µ2
i
∆2i
. (31)
(
P
(Ji−2n)
i G
(n)
i
)
=
P
(µ1
i ·...·P
µJi−2n
i G
µJi−2n+1µJi−2n+2
i ·...·G
µJi−1µJi )
i
NnJi
, (32)
NnJi =
Ji!
2nn!(Ji − 2n)! . (33)
Coefficients CnJi in (25) can be obtained from the condi-
tion (29), which leads to the recurrent set of equations.
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For each transverse-symmetric structure we have
gµ1µ2
(
P
(Ji−2n)
i G
(n)
i
)µ1...µJi
=
(Ji − 2n)(Ji − 2n− 1)
Ji(Ji − 1) ×
(
P
(Ji−2n−2)
i G
(n)
i
)
+
2n(2(Ji − 2)Nn−1Ji−3 + (Ji − 2)(Ji − 3)Nn−2Ji−4 + 3Nn−1Ji−2)
Ji(Ji − 1)Nn−1Ji−2
×(
P
(Ji−2n)
i G
(n−1)
i
)
= 0, (34)
where the first term corresponds to the tensor contraction
Pµ1i P
µ2
i gµ1µ2 = 1, (35)
and three items in the second term correspond to
Pµ1i G
µ2µk
i gµ1µ2 = P
µk
i , (36)
Gµ1µki G
µ2µl
i gµ1µ2 = G
µkµl
i , (37)
Gµ1µ2i gµ1µ2 = 3. (38)
Finally, we have
[ Ji2 ]∑
n=0
CnJi ×
[
(Ji − 2n)(Ji − 2n− 1)×
(
P
(Ji−2n−2)
i G
(n)
i
)
+
2n(2Ji − 2n+ 1)×
(
P
(Ji−2n)
i G
(n−1)
i
)]
=
[ Ji2 ]∑
n=1
[
Cn−1Ji (Ji − 2n+ 2)(Ji − 2n+ 1)+
CnJi2n(2Ji − 2n+ 1)
]× (P (Ji−2n)i G(n−1)i ) = 0 (39)
and
CnJi = C
n−1
Ji
(−1)(Ji − 2n+ 2)(Ji − 2n+ 1)
2n(2Ji − 2n+ 1) =
(−1)n(2(Ji − n))!
(Ji − n)!n!(Ji − 2n)!
[
C0Ji
(Ji!)
2
(2Ji)!
]
, (40)
which is equal to (26), if we set the expression in square
brackets to unity.
Now let us obtain the general expression for the ver-
tex F
(J1),(J2)
(J) ≡ F
µ1...µJ1 , ν1...νJ2
α1...αJ , when J = 0. Since this
tensor has to satisfy (27)-(29) in each group of indexes, it
should be represented as
F
(J1),(J2)
0+ =
min[J1,J2]∑
k=0
[
Ji−k
2
]∑
ni=0
Ck,n1,n2J1,J2 ×(
D
(J1−k−2n1)
1 G
(n1)
1 G
(k)
12 G
(n2)
2 D
(J2−k−2n2)
2
)
. (41)
Here the transverse-symmetric structure in parentheses
contains two groups of indexes: {µ} ≡ µ1 . . . µJ1 and {ν} ≡
ν1 . . . νJ2 and consists of the following elements:
Dρ1,2 =
(
∆ρ1,2 +
d21,2
(∆1∆2)
∆ρ2,1
)
/ (d1,2K12) , (42)
d1,2 =
√−t1,2, K12 =
√
1− d
2
1d
2
2
(∆1∆2)2
, (43)
Gµν12 = g
µν − ∆
µ
2∆
ν
1
(∆1∆2)
, (44)
and Gi is defined in (31). The number of different terms
in each structure is
Nk,n1,n2J1J2 =
Nn1J1 N
n2
J2
k!
. (45)
For 0− state we have to add the anti-symmetric element
FµνA = 
µνρσ∆1,ρ∆2,σ/(d1d2), (46)
and the vertex looks as follows:
F
(J1),(J2)
0− =
min[J1,J2]−1∑
k=0
[
Ji−1−k
2
]∑
ni=0
Ck,n1,n2J1,J2 ×(
FAD
(J1−1−k−2n1)
1 G
(n1)
1 G
(k)
12 G
(n2)
2 D
(J2−1−k−2n2)
2
)
. (47)
For further calculations let us define additional quantities
and functions (approximate values are given for d1,2 
m ≤M  √s1,2):
X1,2 =
(P1,2∆2,1) d1,2
(∆1∆2) Q1,2
' s1,2 d1,2
M2 m
, (48)
Q1,2 =
√
1 + d21,2/(∆1∆2), (49)
Z12 =
(P1P2) (∆1∆2)
(P1∆2) (P2∆1)
' 1− 2∆1∆2
M2
, (50)
Ck,0,0J1J2 =
(
d1d2
(∆1∆2)
)k
fkJ1J2 , (51)
where fkJ1J2 are nonsingular at ti → 0 functions of t1, t2
and M2.
We can construct F
(J1)(J2)
0± vertexes as we did for T
(Ji)
in (34)-(40), taking the trace in each group of indexes and
obtaining recurrent equations for Ck,n1,n2J1J2 . It will be done
in further works. Here we note, that in the contraction
VJ1J2, 0± =
T
(J1)
{µ}
T0(t1)
⊗ F (J1), {µ} (J2), {ν}0± ⊗
T
(J2)
{ν}
T0(t2)
(52)
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F -vertexes can be replaced by
F
(J1),(J2)
0+ →
(
d1
(∆1∆2)K12
)J1 ( d2
(∆1∆2)K12
)J2
×
min[J1,J2]∑
k=0
fkJ1,J2
(
(∆1∆2)K
2
12
)k ×
∆
µk+1
2 ·...·∆µJ12 Gµ1ν112 ·...·Gµkνk12 ∆νk+11 ·...·∆νJ21 , (53)
F
(J1),(J2)
0− →
(
d1
(∆1∆2)K12
)J1 ( d2
(∆1∆2)K12
)J2
×
min[J1−1,J2−1]∑
k=0
fkJ1,J2
(
(∆1∆2)K
2
12
)k ×
Fµ1ν1A ∆
µk+2
2 ·...·∆µJ12 Gµ2ν212 ·...·Gµk+1νk+112 ∆νk+21 ·...·∆νJ21 ,(54)
due to transverse-symmetric-traceless properties of T struc-
tures. It is possible to show that in the exact F -vertexes
coefficients Ck,n1,n2J1J2 , ni > 0 can be expressed in terms of
fkJ1J2 only, i. e. we can obtain the exact formulae for (52)
by the use of simplified expansions (53),(54), which is done
below.
Let us calculate leading terms in the expansions of
contracted vertexes
VJ1J2, 0+ =
min[J1,J2]∑
k=0
V kJ1J2, 0+ , (55)
VJ1J2, 0− =
min[J1−1,J2−1]∑
k=0
V kJ1J2, 0− . (56)
It is rather easy to show that
V 0J1J2, 0+ = f
0
J1J2
2∏
i=1
(
2Qi
K12
)Ji
PJi(Xi) '
f˜0J1J2X
J1
1 X
J2
2 for Xi  1, ti  m2, (57)
where PJ(X) are Legendre polynomials and numerical fac-
tors are absorbed into f˜0J1J2 . For the next term we can
apply the following trick(
P
(J1−2n1)
1 G
(n1)
1
)
{µ}
=
Pµ11
J1 − 2n1
J1
(
P
(J1−2n1−1)
1 G
(n1)
1
){µ}6=µ1
+
J1∑
i=2
Gµ1µi1
2n1
J1
(
P
(J1−2n1)
1 G
(n1−1)
1
){µ}6=µ1,µi
(58)
and the same for the second structure. Effectively in the
contaction the following dimensionless factor has to be
added[
(J1 − 2n1)
√
(∆1∆2)
J1(P1∆2)
Pµ11 +
(2n1)d1K12
J1
√
(∆1∆2)Q21
Dµ11
]
×[
1→ 2, µ→ ν
]
. (59)
Then we have to contract these structures with Gµ1ν112 and
Fµ1ν1A to calculate V
1
J1J2, 0+
and V 0J1J2, 0− respectively. The
final result can be represented as
V 1J1J2, 0+ = f
1
J1J2
(
2Q1
K12
)J1 (2Q2
K12
)J2 K212
J1J2
×{
[Z12 − 1]P ′J1P ′J2 +
d21d
2
2
(∆1∆2)2
[
K212
Q21Q
2
2
P ′′J1P ′′J2+
1
Q22
P ′J1P ′′J2 +
1
Q21
P ′′J1P ′J2
]}
'
f˜1J1J2X
J1
1 X
J2
2
2∆1∆2
M2
, (60)
V 0J1J2, 0− = f
0
J1J2

√
1− 4m2s
1− s1+s22s +
M2−4m2−d21−d22
4s
×(
2Q1
K12
)J1 (2Q2
K12
)J2 Z12
J1J2
P ′J1P ′J2
[∆1 ×∆2]
d1d2
'
f˜0J1J2X
J1
1 X
J2
2
[∆1 ×∆2]
d1d2
, (61)
where the term in braces is close to unity and
P ′J = X
∂
∂X
PJ(X) =
J X
X2 − 1 (X PJ(X)− PJ−1(X)) , (62)
P ′′J = −
∂
∂X
PJ−1(X) =
− J
X2 − 1 (PJ(X)−X PJ−1(X)) . (63)
For d1,2  m ≤ M  √s1,2 ≤
√
s and Xi  1 we can
write the expressions for leading terms of amplitudes
M0+ '
∑
J1,J2
∏
i=1,2
[
T0(ti)X
Ji
i
]
×
min(J1,J2)∑
k=0
f˜kJ1J2
(
2
√
t1t2 cosφ
M2
)k
, (64)
M0− '
∑
J1,J2
∏
i=1,2
[
T0(ti)X
Ji
i
]
×
min(J1,J2)−1∑
k=0
f˜kJ1J2
(
2
√
t1t2 cosφ
M2
)k
sinφ. (65)
Then we have to continue analytically the above expres-
sions to complex J1,2 planes. It can be done like in the
Ref. [66], using the reggeization prescription∑
J
F J
(t−m2) →
α′R
2
ηR(t)Γ (−αR(t))FαR(t). (66)
To check that the above approach coincides with the
usual Regge one, let us calculate the amplitude of the
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elastic scattering of two particles with equal masses m.
For the exchange of the meson with spin J it is equal to
the contraction
Mel(s, t) = T (J){µ}(p1, ∆)⊗ T (J){µ}(p2,−∆) =
T0(t)
22JC0JPJ
(
s− 2m2 + t/2
2m2 − t/2
)
∼
( s
m2
)J
, (67)
which leads to the basic reggeon exchange formula af-
ter appropriate analytical continuation to the complex J
plane.
More complicated situation occurs in the case of un-
equal masses. For example, let us consider the process
p + p → p + X, where mp = m, mX = M  m. For the
exchange of the meson with spin J we have
M(s, t) = T (J){µ}(p1, ∆)⊗ T (J){µ}(p2,−∆) =
T01(t)T02(t)2
JC0JPJ
(
(2s− 3m2 −M2 + t)√−t√
4m2 − t λ1/2(t,m2,M2)
)
∼
(
s
√−t
M2m
)J
. (68)
Here the argument of the Legendre function is the t-channel
cosine zt = cos θt, and
λ(x, y, z) = x2 + y2 + z2 − 2xy − 2xz − 2yz.
Factor
√−t is the consequence of the tensor meson current
conservation (27). In the classical Regge scheme∑
J
(2J + 1)MJPJ(−zt)→ ηR(t)βR(t)
(
s
s0
)αR(t)
, (69)
where this factor is absorbed into the unknown residue
βR(t). In our prescription t dependence of the residue looks
like
βR ∼ T01(t)T02(t)(−t)αR/2. (70)
There is no zero in t, since the Regge approach is valid
only for |zt|  1. But sometimes this behaviour at small
t is extracted in an explicit form like in the paper [83]
devoted to the process of single diffraction dissociation.
Appendix B
Here we present general structure of the amplitude for
the 2 → 4 process p + p → p + hh¯ + p. This amplitude is
depicted in the Fig. 7. Definitionss for the kinematics are
s1{a,b} = (p′1 + ka,b)
2, s2{a,b} = (p′2 + ka,b)
2,
tˆa,b = (p1 − p′1 − ka,b)2 = (p2 − p′2 − kb,a)2, (71)
Leading contribution to the reggeon-reggeon fusion ver-
tex is given by the exchange amplitude (the right part of
the Fig. 7). In this case we can write
Mhh¯ =Melhp(s1a, t1)
(
Fh(tˆa)
)2
(tˆa −m20)
Melh¯p(s2b, t2) +
Melhp(s1b, t1)
(
Fh(tˆb)
)2
(tˆb −m20)
Melh¯p(s2a, t2). (72)
T 
T 
F 
1as
T 
T 
T h 
T h 
T 
T 
T h 
T h 
2bs
1bs
2as
h 
h 
- 
- 
- Melhp
M elph M elhp
M elph
Fig. 7. Scheme of calculation of the “bare” EDDE amplitude
in the case of the low invariant mass (M < 3 GeV) di-hadron
production. Elastic amplitudes are shown here as reggeon ex-
changes enclosed in ellipses.
HereMelhp andMelh¯p are amplitudes of the elastic hadron-
proton scattering, which can be evaluated in any appropri-
ate approach, Fh is the formfactor taking into account the
off-shellness of the exchanged hadron. For example, we can
use simple reggeon exchanges for these amplitudes as was
done in [47],[48]. Strictly speaking, we have to take into
account rescattering (unitarity) corrections since si{a,b}
can be of the order ∼ √s.
Calculations for the pi+pi− production in this paper
are based on the simple regge formula (as in [47],[48]) for
pion-proton elastic amplitudes
Melpi±p(s, t) =
∑
i=P,R
C±i Fi(t)
(
s
s0
)αi(t)
, (73)
Fi(t) = e
B0i t, αi(t) = α
0
i + α
′
it, (74)
CP = iCP , C
±
R = Cf (af + i)± Cρ(aρ − i),
CP = 13.63 mb, Cf = 31.79 mb, Cρ = 4.23 mb,
af = −0.860895, aρ = −1.16158, (75)
B0P = 2.75 GeV
−2, B0R = 2 GeV
−2, (76)
αP(t) = 1.088 + 0.25t, αR = 0.5475 + 0.93t, (77)
Fpi(tˆ) ' e
tˆ−m2pi
Λ2
eff , Λ2eff = 1 GeV
2. (78)
Appendix C
Here we calculate the hadron-hadron “soft” interaction in
the initial and in the final states (unitary corrections or
re-scattering). It is denoted by V in Fig. 1 and given by
the following analytical expressions:
MU (p1, p2, ∆1, ∆2) =
∫
d2qT
(2pi)2
d2q ′T
(2pi)2
V (s, qT )
×M(p1 − qT , p2 + qT , ∆1T , ∆2T )V (s′, q ′T ) , (79)
V (s, qT ) =
∫
d2b eiqT b
√
1 + 2iT elpp→pp(s, b), (80)
where ∆1T = ∆1−qT −q′T , ∆2T = ∆2 +qT +q′T ,M is the
“bare” amplitude of the process p+p→ p+M +p. In the
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case of the eikonal representation of the elastic amplitude
T elpp→pp we have
V (s, qT ) =
∫
d2b eiqT beiδpp→pp(s,b), (81)
where δpp→pp is the eikonal function. In this case ampli-
tude (79) can be rewritten as
MU (∆1,∆2) =
∫
d2b
2pi
e−iδb−Ω(s,b)−Ω(s
′,b) ×∫
d2κ
2pi
eiκbM(∆− κ,∆+ κ),
Ω(s, b) = −iδpp→pp(s, b),
∆ =
∆2 +∆1
2
, δ =
∆2 −∆1
2
,
κ = δ + qT + q
′
T . (82)
Here we use the following representation for the elastic
amplitude [84]
Tel(s, b) = ı
(
1− e−2Ω(s,b)
)
/2. (83)
Some other groups [85],[86] use another conventions
Tel(s, b) = ı
(
1− e−Ω(s,b)/2
)
, (84)
or [87]
Tel(s, b) = ı
(
1− e−Ω(s,b)
)
, (85)
which are mathematically equivalent.
Let us consider calculations for concrete expressions of
M. To explore general features of diffractive patterns for
the eikonal function we take the model [88] (which orig-
inates from [84] and uses simple eikonal approximation)
as an example. Nevertheless, some authors [85],[89] point
out that we have to use multichannel eikonals to take into
account multiple diffractive eigenstates. Here we have to
point out that the parametrization (83) satisfies exactly
the unitarity condition and can be used without consid-
eration of any inner structure of the eikonal (diffractive
eigenstates) as it was done in the multichannel approach.
We assume that the model [88] is rather good for our pur-
poses, at least for |ti| < 1.5 GeV2, since it describes well
the latest data [82].
For the amplitude we perform calculations for several
cases:
Mi(∆1,∆2) = H(∆2)e−B1∆21−B2∆22Ki(∆1,∆2)→
H(∆2)e−B+(∆2+κ2)+2B−(∆κ)Ki(∆− κ,∆+ κ), (86)
B± = B1 ±B2,
K0 = 1, (87)
KV = [∆1 ×∆2]→ 2 [∆× κ] , (88)
KS = (∆1∆2)→∆2 − κ2, (89)
KT = ∆21∆22 →
(
∆2 + κ2
)2 − 4 (∆κ)2 . (90)
We have to calculate the following auxiliary integrals:
Ivκ =
∫
d2κ
2pi
eiκb−B+κ
2+2B−(∆κ) v, (91)
I1κ =
1
2B+
ea/B+ ,
a = B2−∆
2 + iB− (∆b)− b2/4, (92)
Iκ(i)κ = −i ∂
∂b(i)
I1κ =
(
B−
B+
∆(i) + i
b(i)
2B+
)
I1κ, (93)
Iκ2κ = −
∂
∂B+
I1κ =
1
B+
(
1 +
a
B+
)
I1κ, (94)
Iκ4κ = −
∂
∂B+
Iκ2κ =
1
B2+
(
2 +
4a
B+
+
a2
B2+
)
I1κ. (95)
a) 
b) 
Fig. 8. Function |h(λ,B+)|2 at a) √s = 62 GeV and b)√
s = 7 TeV. |h(0., 4.)|2 = 20.5 GeV −2 at √s = 62 GeV and
|h(0., 4.)|2 = 5.27 GeV −2 at √s = 7 TeV.
Further calculations are expressed in terms of the func-
tion h (see Fig. 8)
h(λ,B+) =
∫
d2b
2pi
e−iλb−Ω(s,b)−Ω(s
′,b)−b2/(4B+) =∫
db b J0(λb)e
−Ω(s,b)−Ω(s′,b)−b2/(4B+),
λ = |λ| =
∣∣∣∣δ − B−B+∆
∣∣∣∣ . (96)
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We can write
MUi =
1
2B+
H(∆2)e−B+
(
1−B
2−
B2
+
)
∆2Kˆih(λ,B+), (97)
Kˆ0 = 1, (98)
KˆV = − 1
B+
[∆× λ] 1
λ
∂
∂λ
, (99)
KˆS = − 1
B+
+∆2
(
1− B
2
−
B2+
)
+
B−
B2+
(∆λ)
1
λ
∂
∂λ
+
∂
∂B+
, (100)
KˆT =
[
2
B2+
+
2∆2
B+
(
1 +
2B2−
B2+
)
+∆4
(
1− B
2
−
B2+
)]
+[
2B−
B2+
(
− 2
B+
+∆2
(
1− B
2
−
B2+
))
(∆λ)−
∆2
B2+
(
1− B
2
−
B2+
)]
1
λ
∂
∂λ
−
2
(
1
B+
+∆2
(
1 +
B2−
B2+
))
∂
∂B+
+
∂2
∂2B+
+ 2
B−
B2+
(∆λ)
1
λ
∂
∂λ
∂
∂B+
−
1
B2+
(
1− B
2
−
B2+
)
(∆λ)
2 1
λ
∂
∂λ
1
λ
∂
∂λ
. (101)
The ratio
< S2 >=
∫ ∫
d2∆1d
2∆2
∣∣MU ∣∣2∫ ∫
d2∆1d2∆2 |M|2
(102)
is usually called “soft survival probability”. For example,
at
√
s = 14 TeV the value of < S2 > is about 0.03 for the
slope of t-distribution ∼ 4 GeV −2 (invariant masses about
100 GeV) and 0.13 for the slope ∼ 10 GeV −2 (invariant
masses about 1 GeV).
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